The electrophoretic mobilities in starch gels have been determined for eight enzymes in extracts of representative cultures of members of the family Enterobacteriaceae. These values were compared with each other and with those obtained from certain bacteria not in this family. The migrations of the eight enzymes were virtually identical for each of eight strains of Escherichia coli and for two species of Shigella. A number of these enzymes appeared to be identical in other organisms believed to be closely related to E. coli (Salmonella), and the number of differences increased in organisms which appeared to have lesser degrees of relatedness by other criteria (deoxyribonucleic acid base compositions, overall similasity).
The electrophoretic mobilities in starch gels have been determined for eight enzymes in extracts of representative cultures of members of the family Enterobacteriaceae. These values were compared with each other and with those obtained from certain bacteria not in this family. The migrations of the eight enzymes were virtually identical for each of eight strains of Escherichia coli and for two species of Shigella. A number of these enzymes appeared to be identical in other organisms believed to be closely related to E. coli (Salmonella), and the number of differences increased in organisms which appeared to have lesser degrees of relatedness by other criteria (deoxyribonucleic acid base compositions, overall similasity).
Phenotypic characterizations of bacteria based on biochemical properties may not discriminate between homologous and analogous metabolic avenues. Advances in the field of protein chemistry make likely the possibility that total amino acid sequences of particular proteins can be compared, thereby disclosing the extent to which these are indeed homologous (as in the case of the mammalian hemoglobins) or analogous (mammalian ribonuclease and lysozyme versus the enzymes from microbial sources). Data of this type for taxonomic comparisons of bacteria are rare (ferredoxin, rubredoxin, etc; 8) and require, as an initial and necessary step, that the proteins in question be highly purified and available in reasonably large quantities.
The zymogram technique, which consists of zone electrophoresis followed by staining in situ for specific enzyme activity (10) , provides a sensitive method for the detection of minor structural differences among enzymes (25) . It can, moreover, effect the rapid analysis of a large number of enzymes in crude extracts from a large number of organisms.
Electrophoretic comparisons of homologous enzymes among related species have been utilized, in a number of isolated instances, for clarification of certain classification questions in bacteria and in higher species (1, 7, 13, 15, 27, 28) . Disc electrophoresis of the proteins of Mycoplasma species has demonstrated some utility for taxonomic purposes (19, 20) . The zymogram technique has been applied to the comparative study of esterases in Mycobacterium (5, 6) , D-and L-lactate dehydrogenases in Lactobacillus (F. Gasser, personal communication), esterases in strains of Bacillus thuringiensis (16, 17, 18) , and esterases, catalases, and peroxidases in coryneform bacteria (21 12 ,000 X g; the supernatant solutions were divided into 2-or 3-ml portions and were stored at -20 C until used.
Electrophoretic methods. Vertical starch-gel electrophoresis was performed on the bacterial extracts, with standard procedures, buffers, and voltages as given in Table 2 and with partially hydrolyzed starch (Fisher Scientific Co.; S-676). Table 3 lists the enzymes examined, the buffer systems employed, and the staining ingredients. Details of most of these methods are as described by Shaw and Koen (26) . The eight enzymes listed in Table 3 were chosen because they occur in almost all of the cultures studied under the growth conditions used.
In preliminary studies, both 18-hr and 6-hr electrophoretic exposures were performed and evaluated. It was found that the longer runs were preferable for all enzymes except phosphoglucomutase (PGM). This enzyme from some samples migrated to the extreme anodal end of the gel in the 18-hr period. All electrophoretic procedures were subsequently performed for 6 hr for PGM and for 18 hr for the other enzymes.
Control experiments suggest that the migration rates of the enzymes studied are independent of growth conditions, such as nutrition or oxygen content of the growth medium. Because of the variability of a number of factors in gel electrophoresis, such as voltage fluctuation and differences in batches of starch and temperature during gelation, absolute migration of proteins is not exactly reproducible among different gels. Therefore, for purposes of comparison, standard markers were utilized for each gel. Two different standards were employed, a rat liver extract (Blue Spruce strain of rat) and methyl red indicator as a saturated solution in Tris-citrate gel buffer. For some enzymes, the rat liver extract gave distinct and well resolved zones which were excellent standards. The major band of specific enzyme activity from rat liver extract was used as the standard for isocitric dehydrogenase (IDH), 6-phosphogluconate dehydrogenase (6PGD), and tetrazolium oxidase (TO; negative bands). The strongest anodal malic dehydrogenase (MDH) band from rat liver was used as an MDH on October 3, 2017 by guest http://jb.asm.org/ Downloaded from standard. However, since rat liver extract gives three equal bands when stained for glucose-6-phosphate dehydrogenase (G6PD), the band nearest the origin was arbitrarily chosen as a standard for this enzyme.
Methyl red dye was used as a marker with PGM and catalase because these enzymes in rat liver produced diffuse zones whose positions could not be measured accurately. Methyl red was also used as a standard for glutamic dehydrogenase (GDH), because rat liver GDH requires nicotinamide adenine dinucleotide (NAD) for good activity instead of nicotinamide adenine dinucleotide phosphate (NADP), which was used to stain for the bacterial enzymes.
In describing the relative migration of each bacterial enzyme, distances were measured from the origin to the center of each band, and these distances were divided by the migration distance of the standard marker in the same gel. The standard marker used is indicated in Tables 4 and 5. RESULTS Figure 1 shows a starch gel pattern of malate dehydrogenase from extracts of several bacterial species (rat liver marker). This pattern is presented to demonstrate resolution of the zones of enzyme activity and to show that relative migration rates among species are readily differentiated by this method. Note that there are multiple bands of continuously decreasing intensity above the major band. These bands probably resulted from in vitro effects; a similar phenomenon in various vertebrate MDH bands has been tentatively shown to be due to conformational isomers of a single molecular species (11) . In this study, only the major band was considered.
On the other hand, some multiple bands, for example, the two forms of G6PD in Escherichia coli, appeared to be two different molecules. The evidence indicates that the two vary independently among certain of these strains. The latter are thus examples of true, or primary, isozymes, whereas the multiple subbands of the various MDH bands are secondary isozymes (C. R. Shaw, Int. Rev. Cytol., in press). Table 4 presents the relative migration ratios for each of the eight enzymes from the series of E. coli strains. TO also often produced several bands (negative-staining bands in this case), and only the major band is included in Table 4 . However, in some cases, such as G6PD, double bands were sometimes produced, and in these cases the weaker band is shown in parentheses in the This is the ratio of the distance moved by the bacterial enzyme to the distance moved by a reference standard on the same gel.
b Enzymes are listed in the same order as in Table 3 These data are shown in Tables 5 and 6 along with similar data for various other representatives of the family Enterobacteriaceae. Alphabetical designations are used to identify each enzyme type in Table 5 . Thus, the nine distinguishable types of MDH are listed as types A through I, and an average value of the migration ratio is given for each enzyme type in Table 6 , without regard to the source of the enzyme.
The eight strains of E. coli and the two Shigella representatives were essentially the same in terms of the enzymes studied (Table 6 ). Likewise, Enterobacter aerogenes was very similar to the two Klebsiella species in these properties, despite the difference in guanine plus cytosine (GC) content in the DNA reported in Table 1 . In addition, three of the Proteus species appeared identical, whereas P. morganii and P. vulgaris were different from the other three species and also from each other. By contrast, the three strains of Serratia marcescens matched in seven of the eight enzymes studied, and four of the Salmonella species also matched in six of these enzymes. S. typhi has four enzymes which were identical in electrophoretic mobility for all five strains of Salmonella examined. Figure 2 summarizes the data of Table 6 a This is the ratio of the distance moved by the bacterial enzyme to the distance moved by a reference standard on the same gel.
currently-accommodated in the various tribes of the family. Table 7 contains examples of migration ratios from some bacteria which do not belong to the Enterobacteriaceae. Many of these values are completely outside the range of migration ratios found in the enteric bacteria. In addition, the overall pattern clearly differentiates each of these bacteria from any of the groups listed in Table 6 .
DISCUSSION
Our work is a preliminary effort at providing phenotypic descriptions of bacteria which may prove useful in describing species, in classifying the similarities and differences between species, and in limning the phylogeny. Obviously, comparison of amino acid sequences of a number of proteins would be more informative, but this is a distant goal; the comparison of homologous enzymes by the zymogram technique is a valuable precursor to the more ambitious venture. Previous experience (Baker and Shaw, in press; Shaw and Stuckey, unpublished data) with this method in studies of various eukaryotes, led us to expect that microevolution of proteins would have resulted in far greater differences in the zymograms than we found in the various cultivars of E. coli or of S. marcescens. The eight cultures of E. coli are of independent origins and have been cultivated under nonselective conditions for many years; e.g., strain 44B was isolated in Connecticut in 1915 and has been maintained on complex media continuously since that time. Some have been subjected to mutagen treatment (15 TAU, K-12, F', pro+), and one, 01 1a,, is of an uncommon serotype and presents peculiarities of membrane structure (23) . It is reasonable to expect that many individual base changes in the DNA of each strain would have accumulated; however, those which did not affect the conserved active centers of the enzymes (2) might result in the evolutionary divergence of the proteins, and these would exhibit markedly different electrophoretic mobilities.
We may ask what percentage of mutations of structural genes result in a protein product with altered electrophoretic mobility. First, let us define mutation as a genetic change which produces an altered product; this definition eliminates the nucleotide substitutions which do not change the amino acid because of code degeneracy. An estimate based on substitution of an amino acid by one of a different charge, so as to produce a change in net charge of the polypeptide (assuming an equal frequency of all amino acids), indicates that about 40% of such mutations will be electrophoretically demonstrable. Additionally, certain other amino acid substitutions may alter electrophoretic mobility, even though the substitutions are of amino acids with the same charge, as a result of configurational effects which expose new charges or which so alter the shape of the molecule as to change its migration through the gel pores. Configurational effects may also negate the presence of amino acid substitutions contributing to a difference in net charge. These effects would alter the theoretical number of electrophoretically demonstrable mutations, and although no accurate estimates are possible, present informed speculation is that the frequency is high.
Five of the eight enzymes (MDH, TO, PGM, catalase, GDH) studied in the eight cultures of E. coli migrate at indistinguishable rates in the electric field, and there are only a few variant forms of the other enzymes. The three strains of S. marcescens display an even greater degree of similarity in their zymograms, and are so dissimilar to the patterns of the E. coli strains that we found only their G6PD migrating at the same rate as the C form of G6PD in two of the cultures of E. coli. Salmonella species have been compared with E. coli (9; D. J. Brenner, in press) and have been found to be generally low; i.e., approximately 10% of the DNA of E. coli and S. typhimurium forms stable complexes and the remainder shows an increasing amount of mismatch of nucleotide sequences. Of the salmonellae, S. typhi has been found to form diploid hybrids with E. coli at a reasonable frequency (3) , and the representative which we examined shows some additional enzymatic similarities, beyond those displayed by the other Salmonella species, to E. coli.
We noted the strong resemblance of the zymograms obtained from the Klebsiella strains and E. aerogenes, despite the observed difference in GC contents. Further and more extensive studies of this group of organisms is warranted. The representatives of Proteus display some interesting properties. The zymograms of P. morganil are quite different from all others and offer no clue as to the relation of this culture to any of the enteric organisms which have been studied. P. vulgaris zymograms have little similarity to any others that we examined. But the zymograms of the cultures received as P. mirabilis, P. anindologenes, and P. pseudovaleriae are identical, as are the base contents of their DNA. In addition, all three cultures require nicotinic acid for growth in defined media and act as recipients for a sex factor of E. coli (unpublished data). We consider all three as P. mirabilis.
The data which we have accumulated are not yet readily integrated into the numerical approach to the classification of the enterobacteria which Krieg and Lockhart (12) have developed. The zymographic comparisons can serve as a corollary phenotypic characterization.
Our initial assumption was that differences in relative electrophoretic migration rates of enzymes are reliable reflections of differences in the amino acid sequences of homologous proteins, and this assumption is strengthened by the general observation that organisms of different phenotypes and DNA base compositions tend to present zymograms of very low similarity. On the other hand, organisms which could be considered as representatives of a particular species (e.g., E. coli, S. marcescens, or P. mirabilis) tend to display a high degree of similarity in their zymograms. We conclude that the similar electrophoretic migration rates of the homologous proteins in the "related" organisms are more than fortuitous and probably reflect close homologies or even "identities" in the amino acid sequences of these enzymes.
Interpretation of data based on similarity or difference in migration rate of a protein requires, of course, some reservation. Clearly, identical migration rate is not proof of structural identity. On the other hand, different migration rates are likely to be a reflection of primary structural differences, although there may be exceptions (binding of small molecules, conformational differences, etc.). The We conclude that comparisons of zymograms provide a useful tool for taxonomic clustering of related organisms. An extension of the method to certain representative cultures of aerobic, sporeforming bacteria suggests a similar conclusion (Baptist, Shaw, and Mandel, unpublished data).
